Time-and polarization-resolved differential transmission measurements employing same and oppositely circularly polarized 150 fs optical pulses are used to investigate spin characteristics of conduction band electrons in bulk GaAs at 295 K. Electrons and holes with densities in the 2 ϫ 10 16 cm −3 -10 18 cm −3 range are generated and probed with pulses whose center wavelength is between 865 and 775 nm. The transmissivity results can be explained in terms of the spin sensitivity of both phase-space filling and many-body effects ͑band-gap renormalization and screening of the Coulomb enhancement factor͒. For excitation and probing at 865 nm, just above the band-gap edge, the transmissivity changes mainly reflect spin-dependent phase-space filling which is dominated by the electron Fermi factors. However, for 775 nm probing, the influence of many-body effects on the induced transmission change are comparable with those from reduced phase space filling, exposing the spin dependence of the many-body effects. If one does not take account of these spindependent effects one can misinterpret both the magnitude and time evolution of the electron spin polarization. For suitable measurements we find that the electron spin relaxation time is 130 ps.
I. INTRODUCTION
Extensive investigations of free electrons and holes excited in GaAs via interband transitions by femtosecond laser pulses have provided us with considerable insight into the optical and electronic properties of nonequilibrium carriers.
1,2 Both single particle and many-body electronic effects such as carrier thermalization, dephasing, cooling, and band-gap renormalization have now been well studied; 3 optical effects including gain dynamics, local field effects, Coulomb enhancement of interband transitions are also reasonably well understood. 4 However much of this research was carried out using linearly polarized pulses which provide little, if any, insight into carrier spin characteristics. Recently there has been growing interest in controlling the spin of electrons and holes in semiconductors [5] [6] [7] with the goal of making spin-based devices in the burgeoning field of what has come to be known as spintronics. Many of the concepts surrounding active components in spintronics involve transport of free electrons in bulk and low dimensional semiconductors. Consequently, it is essential to understand how spin effects influence various optical and electronic properties of semiconductors. In this paper we illustrate how spindependent many-body effects manifest themselves in altering the optical transmission of GaAs at room temperature. As a corollary, we show how these many-body effects influence the interpretation of experiments which attempt to examine spin relaxation of conduction band electrons.
It has been known for nearly four decades that the optical excitation of direct band-gap zinc-blende and other semiconductors with above band-gap circularly polarized light creates spin-polarized electrons in the conduction band. 8, 9 From measurements of the differential transmission using pumpprobe techniques with the same and oppositely circularly polarized pulses, or from photoluminescence 10 measurements, it is possible to establish the degree of carrier spin polarization and its decay time. 8, [11] [12] [13] [14] Since the hole spin polarization in bulk semiconductors is known to relax 15 in 100 fs, on a longer time scale one typically measures only the electron spin polarization and its evolution. For optical excitation of zinc-blende semiconductors with photon energy just above the band gap, because of the selection rules 8 governing optical transitions from heavy, or light hole, states to conduction band states, right circular polarization ͑ + ͒ generates a density of spin-down electrons ͑N ↓ ͒ which is 3ϫ the density ͑N ↑ ͒ of spin-up electrons, and vice versa for left circularly polarized light ͑ − ͒. Hence the initial degree of electron spin polarization generated by a circularly polarized beam in a zinc-blende semiconductor, defined 5 as
For many of the femtosecond pump-probe experiments reported to date, electrons and holes are typically optically excited at low density and probed with linearly polarized light with photon energy, ប, slightly higher than the band gap, E g , for which the semiconductor transmissivity is dominated by phase space filling ͑PSF͒.
1 However, in pump-probe experiments where high densities ͑Ͼ10 17 cm −3 in GaAs͒ and/or large probe photon energies are involved, many-body effects such as band-gap renormalization ͑BGR͒ and alteration of the Sommerfeld-Coulomb enhancement factor ͑CEF͒, also referred to as the local field correction, 18 are observed. 4, 16, 17 Indeed, Langot et al. 4 have conducted theoretical and experimental investigations of the relative roles of PSF and the combined BGR-CEF effects in GaAs at room temperature for carrier density Ͼ10 17 cm −3 and for probe photon energies with ប − E g Ͼ 100 meV where E g = 1.42 eV at 295 K. However, because their experiments were conducted with linearly polarized light pulses, they could not provide insight into the influence of spin on manybody effects.
Here we report the results of femtosecond pump-probe differential transmission measurements in GaAs under conditions similar to that of Langot et al. but for same and oppositely circularly polarized beams. Experiments were conducted with 150 fs pump pulses in the range 865 nm ͑1.43 eV͒ -775 nm ͑1.6 eV͒ injecting carrier densities in the 2 ϫ 10 16 -10 18 cm −3 range; the probe pulse had a center wavelength of 865, 800 ͑1.55 eV͒, or 775 nm. The experiments allow us to develop insight into the spin dependence of the combined CEF-BGR effects especially at the shorter probe wavelengths ͑probing higher electron kinetic energy͒ where PSF effects are much smaller than they are for near band-edge probing and are comparable to many-body effects in influencing the transmissivity. Because of the preferential coupling of + and − polarized light to spin-down and spin-up electrons, any spin imbalance changes the CEF-BGR effect involving a particular conduction spin band and this appears in the differential transmission. An equally important conclusion to be drawn from our work is that for probe measurements with photon energy well above the band gap, the traditional approach of using differential transmission measurements for same and oppositely circularly polarized beams may not directly yield a measure of the net electron spin polarization or its relaxation time.
The remainder of this paper is organized as followed. In Sec. II, we discuss the theoretical background related to the optical transmission properties of spin-polarized electrons within an ambipolar plasma in a zinc-blende semiconductor and establish the formalism used to discuss our experimental results. Because of the inherent difficulty of calculating many-body carrier effects in semiconductors even for spin unpolarized degenerate carriers, for nondegenerate spin polarized carriers we will not attempt to explicitly calculate the magnitude of spin-dependent CEF-BGR effects here. Section III provides details of the experimental techniques for timeand polarization resolved pump-probe measurement. In Sec. IV, we present and discuss results of the differential transmission measurements for different pump and probe wavelengths and injected carrier densities and offer evidence for the spin-dependent many-body effects. The paper ends with some general but conservative conclusions about spindependent electron many-body effects and suggestions for future work.
II. THEORETICAL BACKGROUND
To illustrate how the presence of spin-dependent manybody effects can manifest themselves in polarization sensitive pump-probe transmission experiments we briefly outline the salient features of the optical response of a zinc-blende, direct gap, semiconductor such as GaAs. We begin by considering a semiconductor excited with linearly polarized light which generates a spin-unpolarized ambipolar plasma of density N. Figure 1 is a schematic diagram illustrating how a probe photon of energy ប Ͼ E g , but less than the spin-orbit split off gap, couples heavy hole ͑hh͒ and light hole ͑lh͒ states to conduction band ͑c͒ states. As shown elsewhere, 2, 4 the absorption coefficient experienced by a linearly polarized probe beam has the form 
2 of the interband optical transitions. Many-body effects manifest themselves with increasing N and lead to, inter alia, band-gap renormalization ͑reduction͒ expressed through E g ͑N͒, and screening of the Coulomb field 2, 4 leading to a density dependence of the CEF. The quantity a 0 is a constant related to the strength of interband momentum matrix elements; for GaAs with ប E g , ␣͑ ,0͒ϳ10 6 m −1 . We now consider the situation where the pump and probe beams are circularly polarized so that spin-polarized electrons and unpolarized holes are being probed. We remind the reader that for electrons or holes near the band edge total electronic angular momentum, J, and its projection on a preferred axis, m J , are good quantum numbers so that the heavy and light hole bands as well as the conduction band can be characterized by states ͉J , m J ͘. The hh states are given by ͉3/2, ±3/2͘, the lh states by ͉3/2, ±1/2͘, and the conduction band states by ͉1/2, ±1/2͘. For the conduction band, a zero orbital angular momentum band, m J can be identified with spin-up and spin-down electron states, viz. ͉↓͘ and ͉↑͘, however, hh and lh bands have mixed spin character. When one considers all the band states at different wave vector, k, that can participate in optical transitions one finds that + polarized light generates 3ϫ as many electrons in ͉↓͘ states as in ͉↑͘ states from each of the lh and hh hole bands, with the opposite occurring for − light. Figure 2 illustrates these selection rules for ប E g ͑i.e., for k v Ϸ 0͒; these selection rules, or at least the relative transition rates, are relaxed somewhat when ប approaches the spin-orbit split-off energy gap. 8, 9 For a zinc-blende semiconductor which has been optically excited to produce a density N ↑ of spin-up electrons and 
where the c refers to the different ͑spin͒ conduction bands. Fig. 2 . We have implicitly included the possibility that many-body effects depend on spin density through ⌬N since different occupancies of the ͉↑͘ and ͉↓͘ conduction bands lead to different shifts of those band edges and associated band gaps, E g ↑ and E g ↓ . In general one can expect that the energy of the ͉↑͘ or ͉↓͘ bands will be related to their occupancy so that ⌬E c reflects these occupancies with ⌬E ↑ ͑N , ⌬N͒ = ប − E g ↑ ͑N , ⌬N͒ and, by symmetry, ⌬E ↓ ͑N , ⌬N͒ = ប − E g ↓ ͑N ,−⌬N͒. The Coulomb enhancement factors C v,c ͑ , N , ⌬N͒ generally should also reflect spin imbalance and, as with the
There is a vast literature which discusses carrier many-body effects such as the spin-insensitive correlation effects and the spin-sensitive exchange effects. However, the spin dependence is not often explicitly discussed, and, usually the different spin states are simply summed over. We include the possibility of this spin dependence here, and indeed it is essential for our analysis, although it is beyond the scope of this paper to attempt an explicit calculation of the magnitude of the spin-dependent many-body effects.
We define the differential transmission as ⌬T / T = ͑TЈ − T͒ / T where TЈ͑T͒ is the probe transmission with ͑without͒ the pump beam. Except in cases where a high density of carriers is present and probing occurs near the band edge, the change in refractive index, and hence the change in reflectivity of the semiconductor is small so that ⌬T is dominated by changes in the absorption coefficient. In cases where ⌬T Ӷ T one has ⌬T / T =−⌬␣ ± L, where ⌬␣ ± is the change in absorption coefficient experienced by the ± -polarized probe beam whose quiescent value is ␣ 0 ± . The differential absorption can then be approximately written as the sum of terms related to phase space filling and many-body effects so that,
where
and
͑5͒
Many-body induced changes in the CEF and BGR are considered together as was done by Langot et al. 4 so that
. In general, with increasing N the many-body term increases so that ͑⌬␣ ± ͒ MB is positive, whereas increasing N makes ͑⌬␣ ± ͒ PSF negative. Also one can expect that increasing N will reduce the CEF factor, C v,c ͑ , N , ⌬N͒, due to screening but increase the ͱ⌬E c ͑N , N ↑ ͒ factor due to BGR, with the latter dominating. 4 Using approximations similar to those made by Langot et al., we write the PSF term as
Without loss of generality, in what follows we consider the pump beam to always have + polarization. For a ± polarized probe beam the differential transmission change is denoted by ͑⌬T / T͒ ± from which one can define 5 a parameter D,
This parameter directly reflects spin-dependent effects and in those cases where the ͑⌬T / T͒ ± varies linearly with N, D is independent of density, and therefore recombination effects.
In carrying out our simulations we have assumed parabolic bands and commonly accepted parameters for GaAs. and that for the 855 nm probe, the approximation of ⌬T / T Ӷ 1, breaks down. We assume that the band-gap renormalization is, as given by Bennett et al., 20 −10 meV ͑N /10 17 cm −3 ͒ 1/3 but allowing for band-gap renormalization to exist below 5 ϫ 10 16 cm −3 . Other functional forms ͑within reason͒ may be used but the choice does not substantially alter the discussion that follows; also, we do not wish to place undue emphasis on the exact transmission values calculated here considering the approximations made. The main point, as can be seen in Fig. 3 , is that for a probe photon energy near the band gap the influence of many-body effects on the differential transmission is much smaller and of opposite sign to that from phasespace filling. However, for the higher probe energy manybody and phase space filling effects apparently make comparable contributions albeit of opposite sign to the differential transmission at low carrier densities with the relative importance of many-body effects decreasing with increasing density. For a spin imbalance, e.g., N ↓ Ͼ N ↑ , because of the expected larger band-gap renormalization for the ͉↓͘ states than for the ͉↑͘ states one might expect ͉͑⌬T / T͒ MB + ͉ Ͼ ͉͑⌬T / T͒ MB − ͉ and so it will be possible for ͑⌬T / T͒ + Ͻ ͑⌬T / T͒ − . Hence, spin-dependent many-body effects not only reduce the value of D but even change its sign. We will use a sign change of D as indicative of spin-dependent many-body effects.
It should be emphasized that the above discussion serves as a guideline for the experimental results that follow. Manybody effects, especially for nondegenerate carrier distributions, are difficult to calculate with any confidence and there still remains considerable speculation on various aspects of such calculations such as whether band-gap renormalization leads to a rigid shift of bands and exactly what the dependence on excess carrier density is, both for impurity doped semiconductors as wells as optically pumped semiconductors. 21, 22 In addition there are several other approximations used above related to parabolic, isotropic bands, etc. In what follows, in view of all these uncertainties and approximations we adopt a conservative approach and only offer semiquantitative remarks and conclusions.
III. EXPERIMENT
Polarization-resolved differential transmission measurements were carried out by pump-probe techniques using femtosecond pulses from an infrared optical parametric amplifier ͑OPA͒ pumped by a regeneratively amplified Ti:sapphire laser operating at 250 kHz. Signal ͑or idler͒ pulses are frequency doubled in a beta barium borate ͑BBO͒ crystal generating ϳ150 fs pulses with a bandwidth of ϳ30 meV and tunable between 660 nm and 1050 nm. Probe pulses are derived from pump pulses using a 10-90 % beamsplitter. The polarization and intensity of each pulse are separately controlled using wave plates and polarizers. The probe pulses are delayed from the pump pulses using a retroreflector mounted on a motorized translation stage. The two beams are then focused with the same lens onto the sample with the probe beam normally incident while the pump beam propagation direction makes an angle of 10°with the normal. The pump and probe beam each have a spot size ͑full-width at half-maximum͒ of approximately 60 m. The probe transmitted signal is measured with a silicon detector behind the sample.
The sample is a semi-insulating 1 m thick ͑100͒ oriented bulk GaAs ͑with impurity concentration Ͻ10 15 cm −3 ͒ that was van der Waals bonded to a glass substrate. The pump fluence, F, used in the experiments is in the range 1.3 J cm −2 Ͻ F Ͻ 50 J cm −2 ; the probe fluence in all experiments is no more than 0.1F. All measurements were performed at room temperature. Note that although we quote center wavelengths, the differential transmission for pulses can also reflect the pulse bandwidth. In particular since transmission bleaching effects vary with the Fermi occupancy factors which vary exponentially with carrier energy, the effective probe wavelength is slightly ͑Ͻ5 nm in our case͒ below the probe pulse center wavelength.
For a given pump fluence we can estimate the excited carrier density taking into account two averaging effects. First, the sample thickness is comparable to the pump absorption depth of ϳ1 m. The carrier density on the back surface is therefore ϳe −1 of its value of the front surface. Moreover, the probe spot size is comparable to that of the pump spot so that the carrier density being probed varies across the probe spot. When both factors are considered the average density probed, N, is ϳ0.4 of the peak carrier density which is estimated as ͑1−R͒␣F / ប p where ␣ is the pump absorption coefficient, ប p is the pump photon energy and R is the sample reflectivity. For our range of pump fluence N is between 2 ϫ 10 16 cm −3 and ϳ10 18 cm −3 . Figure 4͑a͒ shows the differential transmission for + and − 855 nm probe pulses as a function of time delay from a 775 nm + polarized pump pulse with a fluence of F = 6.3 J cm −2 producing a carrier density, N, of 1.3 ϫ 10 17 cm −3 . The probed electron average kinetic energy is ϳ20 meV. Both ⌬T + and ⌬T − rise on a time scale of about 0.5 ps following the excitation pulse, essentially the cooling time of the electrons and holes 1 during which the occupancy of electrons in the probed states increases; note that ⌬T + is always Ͼ⌬T − . Consistent with the simulations depicted in Fig. 3 both differential transmission traces reflect phase space filling for the experimentally estimated carrier density. The experimental and theoretical values of the absolute transmissivity differ, but this is not surprising in view of the approximations in both the simulations and the estimate of the experimental carrier density. As shown in Fig. 4͑b͒ the extracted D parameter rises on a pump pulse-width related time scale to the constant value of 0.18, near the value of 0.25 expected for N ↓ =3/4N, with phase space filling alone determining the transmission behavior. The discrepancy between the measured value of ϳ0.18 and 0.25 value likely reflects the influence of hole Fermi factors and a small contribution from many-body effects. Figure 5 shows the results of a similar experiment with an 855 nm pump of fluence 25 J cm −2 ͑with N ϳ 3 ϫ 10 17 cm −3 ͒ and probe wavelength of 775 nm for which the probed electron kinetic energy is 90 meV for electrons excited from the lh band and 160 meV for electrons excited from the hh band. Figure 5͑a͒ shows the measured ⌬T / T + and ⌬T / T − as a function of delay time while Fig. 5͑b͒ shows the corresponding D parameter extracted from the same data. The differential transmission becomes negative during the pump pulse at which time most of the carriers have not yet thermalized with the lattice so as to allow the electrons to occupy the optically probed conduction band states at higher energy. The presence of a negative signal indicates that many-body effects do occur during the pump pulse ͑e.g., band-gap reduction alone would account for an increase in the absorption coefficient or decrease in transmission͒ since phase space filling always gives ͑⌬T / T͒ PSF ± Ͼ 0. This behavior is similar to that observed by Langot et al. for linearly polarized pump and probe pulses. 4 However, what is also clearly evident from the + and − transmission data is that there is a spin dependence of the many-body effects. Following the dip in transmission, as the electrons thermalize by absorbing phonons from the lattice on a 0.5 ps time scale, the Fermi factors increase at the probe energy and the differential transmission increases as phase space filling competes with and eventually dominates many-body effects in determining the overall value of the transmissivity. However, with increasing probe delay following pump induced transient effects, the ⌬T / T + signal drops below the ⌬T / T − value and the D parameter becomes negative, attaining a value of about −0.3. Figure 6͑a͒ shows the results of similar experiments but with a 6.3 J cm −2 from a 775 nm pump pulse and a 775 nm probe pulse. In this case with the electrons establishing a temperature of hundreds of degrees during the pulse, phase space filling contributions to ⌬T / T ± peak during the pulse and then decay with a time constant of ϳ0.5 ps, the carrier cooling time. Figure 6͑b͒ shows the value of D extracted from the data; after several picoseconds D becomes negative with approximately the same value as observed in Fig. 5͑b͒ . In a separate experiment, the pump beam was linearly polarized ͑an equal superposition of + and − , producing equal populations of up and down spins͒ and the sample transmission was probed with + and − pulses. The extracted D parameter is indistinguishable from zero as indicated in Fig.  6͑b͒ . As illustrated in the theoretical section, many-body effects are expected to reduce the differential transmissivities, and in the absence of spin effects, would do so by the same A comparison of the results of Fig. 4 with the simulations in Fig. 3 shows that while near-band-edge probing allows one to deduce ͑albeit approximately͒ the degree of spin polarization, probing at photon energies well above the band gap is less sensitive to phase space filling effects and increasingly sensitive to many-body effects. Indeed, one probes both the net electron spin population and the spin-dependent many-body effects.
IV. RESULTS AND DISCUSSION
To further emphasize the dependence of the D parameter on the carrier density as well as the probing wavelength, we have carried out experiments in which either the pump fluence was varied or the probe wavelength was varied. Figure  7 shows D as a function of the time delay between 775 nm pump and probe pulses for four different pump fluences, viz., F = F 0 ,2F 0 ,4F 0 ,8F 0 where F 0 = 6.3 J cm −2 which yield average carrier densities between 1.3ϫ 10 17 cm −3 and 1.0 ϫ 10 18 cm −3 . As observed in Figs. 5 and 6, at the lowest fluence D is negative for delay times longer than 1 ps, however it becomes increasingly positive as F and the carrier density increases. With reference to Fig. 3 , one sees that phase space filling effects are expected to increase linearly with density, whereas many-body effects have a sublinear dependence and become less important at higher densities.
Hence with increasing carrier density the value of D is expected to approach the results shown in Fig. 4 . The decay of the D parameter on a 3 ps time scale ͑longer than the carrier cooling time͒ at the two lower fluences partly reflects crossover effects in the differential transmission time evolution as noted above. At the higher fluences the increasing decay time reflects spin relaxation and evolution of the many-body components of the differential transmission as the spin populations equilibrate. Figure 8 shows a plot of D as a function of probe delay between + and − degenerate pump and probe pulses at 865, 800, and 775 nm with a pump fluence of 1.26, 3.15, and 6.3 J cm −2 for which the peak carrier densities are 2 ϫ 10 16 cm −3 , 6ϫ 10 16 cm −3 , and 1.3ϫ 10 17 cm −3 . As the energy of the probed electrons decreases, D is observed to increase, changing from negative to positive, becoming near zero, and virtually time independent, at the probe wavelength of 800 nm, where apparently the spin-sensitivity components of the many-body and phase space filling effects nearly compensate each other. At the probe wavelengths of 865 and 775 nm D decays to zero with the same decay time of ϳ65 ps reflecting spin relaxation. From the measured 65 ps decay time of the transmissivity we deduce that the spin relaxation time is 130 ps.
V. CONCLUSIONS
We have presented experimental results of differential transmission measurements of GaAs at 295 K using circularly polarized 150 fs pump and probe pulses to examine the role of electron spin at different carrier densities and probed at different photon energies above the fundamental band gap. Our results can be explained in terms of spin-sensitive phasespace filling and many-body effects. For probing near the band-edge, the transmissivity results are well explained in terms of phase-space filling, dominated by the electron contribution to semiconductor bleaching, with many-body effects playing a minor role. For probing of spin polarized electrons with larger photon energies, many-body effects become increasingly important and compete with phase space filling to determine the overall transmissivity of GaAs. This allows us to examine the spin dependence of the many-body effects, essentially by probing the tail of the electron distribution. Our observations are semiquantitative at this time, partly because of the usual experimental uncertainties for the carrier densities, and await a suitable model for spindependent band-gap renormalization and the Coulomb enhancement factor. However, we do note that the electron spin relaxation time is about 130 ps consistent with the work of others. Future work might consider measurements over a wider range of densities and initial polarization conditions, and theoretical models which might provide a quantitative foundation for our results. Finally, we note that if one does not take account of these spin-sensitive many-body effects in optical probing of spins in semiconductor one can misinterpret both the magnitude of the spin polarization, as well as its time evolution, especially if recombination occurs on the same time scale as spin relaxation.
